.-T h e intercellular propagation of Ca2+ waves by diffusion of inositol trisphosphate has been shown to be a general mechanism by which nonexcitable cells communicate. Here, we show that monolay ers of normal rat kidney (NRK) fibroblasts behave like a typical excitable tissue. In confluent monolayers of these cells, Ca2+ action potentials can be generated by local depolar ization of the monolayer on treatment with either bradykinin or an elevation of the extracellular K 1 concentration. These electrotonically propagating action potentials travel intercellularly over long distances in an all-or-none fashion at a speed of -6.1 mm/s and can be blocked by L-type Ca2+ channel blockers. The action potentials are generated by depolariza tions beyond the threshold value for L-type Ca2+ channels of about -1 5 mV. The result of these locally induced, propagat ing Ca2+ action potentials is an almost synchronous, tran sient increase in the intracellular Ca2+ concentration in large numbers of cells. These data show that electrically coupled fibroblasts can form an excitable syncytium, and they eluci date a novel mechanism of intercellular Ca2+ signaling in these cells that may coordinate synchronized multicellular responses to local stimuli. bradykinin; intracellular calcium; calcium channels; normal rat kidney fibroblasts Fibroblasts are considered to be a classic example of nonexcitable cells. Fibroblasts can be electrically coupled to each other (7, 15, 18, 25), and in several tissues, such as kidney, intestine, and dermis, these cells form three-dimensional communicating networks (19). Fibroblasts can also be electrically coupled to other cells, including myocytes (24) and endothelial (17) and neuronal (6) cells. Electrical coupling via gap junctions provides a way for the fast transduction of membrane potential changes between cells and can thus coordinate signaling. Although it has been re ported that fibroblasts possess voltage-dependent Ca2+
channels (3 ,5 ,1 3 ,2 1 ,2 2 ) that would in principle enable these cells to generate action potentials, a function for such channels in these cells has so far been unclear.
Monolayers of normal rat kidney (NRK) fibroblasts are electrically well coupled (7) and therefore provide a model system to investigate the intercellular transduc tion of electrical signals. NRK fibroblasts, clone 49F, can be made quiescent by serum deprivation of conflu ent cultures. When these quiescent cells are subse quently treated with epidermal growth factor (EGF) as the only growth-stimulating polypeptide, the cells un dergo one additional cell cycle before they undergo density-dependent growth inhibition or density arrest (29). We recently showed that spontaneous repetitive membrane potential depolarizations were observed in ~50% of monolayer cultures of density-arrested NRK cells (9) . Although these depolarizations showed the characteristics of action potentials, the spontaneous occurrence of the depolarizations in these cells did not allow a further study on the mechanism of propagation and induction of action potentials. In contrast to the density-arrested cells, quiescent NRK fibroblasts never exhibited spontaneous action potential-like depolariza tions.
In the current study, we show that in quiescent NRK cells action potentials can be induced by bradykinin (BK), which allowed the study of the mechanism of propagation and induction of action potentials in these cells. BK is an agonist that not only increases intracel lular Ca2+ (1) but also depolarizes NRK fibroblasts via an increased Ca2-t-activated Cl" conductance (8) 
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A which time the cells became quiescent. DF medium is a cell culture medium that contains as main inorganic salts (in mM) 109.5 NaCl, 5.4 KC1, 1.8 CaCl2, 0.81 MgCl2, 44.0 NaHC03, and 1.0 NaByPC^ and is supplemented with essen tial nutrients such as glucose, amino acids, and vitamins for optimal cell growth. For patch-clamp experiments, cells were incubated in either normal Ca2+-containing DF medium or nominally Ca2+-free DF medium supplemented with the indicated concentrations of SrCl2 and equilibrated with 5% CO2 to a pH of 7.4. When SrCl2 was added to the medium, the concentration of NaCl was lowered to maintain osmolarity. When ion substitutions were made, jV-methyl-D-glucamine was substituted for Na+, whereas gluconate was substituted for Cl \ l,2-Bis(2-aminophenoxy)ethane-iV,iV',Ar,AP-tetraacetic acid (BAPTA) loading was achieved by incubating the cells for 30 min in the presence of 100 jjM. BAPTA-acetoxymethyl ester (AM) (Molecular Probes, Eugene, OR), after which the cells were incubated in DF medium for 10 min.
Whole cell patch-clamp measurements were carried out as previously described (7 We recently showed that spontaneous repetitive mem brane potential depolarizations were observed in mono layer cultures of density-arrested NRK cells (9) . In contrast to those density-arrested cells, spontaneous action potential-like depolarizations were never seen in quiescent NRK fibroblasts. However, perfusion ofBKto 492 nm. Dynamic video imaging was carried out using the monolayers of cells could induce a fast action potentialMagiCal hardware and Tardis software of Joyce Loebl (Tyne ^e depolarization (spike; Fig. 2A (Fig IB ) . In this case, propagation of a signal could be dlstant ap£licatton (cf. Fig. 1( of 5 10 nM BK that prevented determined from the delay in response between the two direct exposure to BK in cells near measuring pipette (total bath pipettes when a distant stimulus, similar to the one in Fig. volume, 2-20 ml) . C: action potential evoked by distant exposure to 5 1A, was given on either side of each pipette.
id of 124 mM K4 in medium containing 1.0 /iM BAY K 8644.
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PROPAGATING Ca2+ ACTION POTENTIALS IN NRK FIBROBLASTS
could last up to 15 min, is caused by an increase in a Ca2+-activated Cl" conductance (8) due to the release of Ca2+ from intracellular stores (1).
The spike preceding the long-lasting depolarization by BK resembled an action potential, and, to investi gate whether action potentials could be induced in quiescent NRK cells by BK, the effect of BK was measured distant from the site of its application in confluent quiescent monolayers of these cells. By the application of a small volume (5 p\) of 10 nM BK in a large volume of medium (2.5-20 ml) it was ensured that only a small part of the monolayer was exposed to stimulatory concentrations of the agonist. In cells of the monolayer that were located at a distance far enough to prevent direct activation by a stimulatory concentra tion of BK (cf. The ability of Sr2+ to substitute for Ca2+ indicated a role for extracellular Ca2+ influx through Ca2+ chan nels, since it is well known that Sr2+ can permeate Ca21 channels (16). Because action potentials could be consis tently generated in media in which Sr21 substituted for Ca2+, we decided to use Sr21 -containing media to study the mechanism underlying the generation and propagai £ / ° ? at 20 mm) resulting from ^on 0f the action potential. An additional benefit of a diffusion from the site of application to the site of Sr2+-containing media is the better solubility of Sr21 in measurement took >1 min to appear, whereas an bicarbonate-based buffers, thus allowing an increase in action potential in this case had already been observed the divalent cation concentration in the medium. Ba2 f within 4 s. This shows that diffusion of BK to the site of CO uld not be used as a charge carrier, since Ba2 f blocks measurement in a bath with no perfusion is much slower than the propagation velocity of the action potential (see also Fig. 4A ). Therefore, it is concluded that the distant addition of a small volume of BK or K 1 has no direct effect on the patched cell in which the action potential is measured.
These distantly evoked action potentials were seen in quiescent NRK cells in ~10% of the monolayer cultures K'1 channels (16) and thus depolarized NRK cells (not shown). Figure 3A shows the effect of direct stimulation by BK on the membrane potential of quiescent NRK fibroblasts in Sr2+-containing media. Also, in media, perfusion of BK to monolayers induced a fast depolarizing spike (cf. Fig. 2A ) followed by a sustained depolarization. The distant stimulation by BK induced when tested with normal Ca21 -containing media. The an action potential (Fig. SB) similar to the ones in probability of the occurrence of the action potentials Ca2+-containing media, although the peak values of the could be increased (to ~25%) by incubating the cells action potential became more pronounced when the with the L-type Ca2+ channel activator (10) BAY K 8644 cells were incubated in media containing elevated (Fig. 2C) , indicating that L-type channels are involved concentrations of Sr2+. This action potential was characin the generation of the action potential. However, the terized by a fast upstroke followed by a plateau phase, incidence of the action potentials could be markedly after which membrane potential quickly returned to increased to almost 100% when media were used in resting levels. The duration of the action potential which Ca2'1 ' was replaced by Sr2+. In this respect, (measured from onset to repolarization to -5 0 mV) quiescent NRK cells differ from density-arrested cells varied from monolayer to monolayer, with values be- Fig. 3C) . The action potential was also blocked by the L-type Ca2+ channel blocker nifedipine (27, 28) (not shown). These results indicate that opening of L-type Ca2+ channels is respon sible for the spike depolarization but not for the sus tained depolarization caused by BK. Moreover, felo dipine and nifedipine completely blocked the action potential in cells that were not directly exposed to BK (Fig. 3D) , showing that opening of L-type Ca2+ chan nels is necessary for the appearance of the action potential.
To determine the conduction velocity of the propagat ing action potential, action potentials were induced at several distances from the recording pipette (cf. Fig.  1A) , and the resulting delay was measured. Figure 4A shows that this delay increased linearly with the distance and corresponds to a conduction velocity of 6.1 mm/s (r2 = 0.994). At all distances tested, the shape of the action potentials was similar, showing that the action potential propagated over very long (>105 mm) distances in an all-or-none fashion (Fig. 45) . The monolayers that were used for the stimulation at 105 mm had a diameter of 14 cm and contained ~1 X 106 cells. Therefore, local depolarization can evoke an action potential that transiently depolarizes millions of cells. The requirement for intercellular communication for the propagation of the action potential was shown by the interruption of the monolayer by a three-cellwide scratch (Fig. 4C) . In this case, action potentials could only be measured when the recording pipette was on the same (cis) side as the site of induction of the action potential. The propagation of the signal was also demonstrated by using two electrodes that were up to 900 jim apart (cf. Fig. IB ). An action potential was induced by the distant application of K+ on either side of the two electrodes used, causing the propagating action potential first to reach the pipette nearest the site of depolarization. Figure 4D showing that the depolarization by BK is [Ca2+Ji depen dent. In summary, these results show that the upstroke of the action potential is solely mediated by a Ca2+ influx and is therefore a Ca2+ action potential (12), whereas the plateau phase is caused by an increased Ca2+-mediated Cl" conductance.
The involvement of L-type Ca2+ channels was further supported by the finding that action potentials could be induced by the distant stimulation with the L-type Ca2+ channel activator BAY K 8644 (10) (Fig. 6F) . Thus, in Ca2+-containing media, incubation with BAY K 8644 favors the induction of action potentials by a depolarizing stimulus (Fig. 3C) , but in Sr2+-containing media BAY K 8644 can evoke action potentials by itself, indicating an increased activity of L-type Ca21 chan nels in Sr2+-containing media.
The involvement of voltage-dependent Ca2+ channels in the action potential implied an influx of Ca2+ (or Sr2+ when this ion was used as a charge carrier) through these channels during an action potential and therefore an increase in [Ca2+]i or [Sr2+]j. Dynamic video imaging with the fluorescent probe fura 2 was used to simulta neously monitor the influx of Sr2+ or Ca2+ of ~100 cells of the monolayer. Fura 2 can be used to measure not only Ca2+ influx but also Sr2+ influx, although the affinity of fura 2 for Sr2+ is lower than that for Ca2+ (20) . Figure 7A shows the average increase in [Ca2+]i in all measured (~100) cells after the distant induction of an action potential in normal, Ca2+-containing me- This research was supported by the Netherlands Foundation for Life Sciences (NWO-SLW).
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